structures. Classifications of the tubes as metals or semiconductors were given [2, 3] on the basis of how the underlying graphite band structure is "folded" when one applies the tubes' azimuthal periodic boundary conditions. Although early work [2] [3] [4] has noted that hydridization of the graphitic tr, tr, tr*, and cr* states should occur because of the curvature of the tubes, the importance of these effects was not fully appreciated.
The tube states near the Fermi level were described as chiefly tr and tr states. Recently [5] , nanotubes with very small radii were experimentally produced, with diameters as small as 7 A. In this Letter, we show that su%ciently strong hydridization effects occur in such tubes which dramatically change the band structure proposed in previous works.
We have carried out both ab initio pseudopotential local density function (LDA) calculations and SlaterKoster [6] tight-binding (TB) calculations. Following the notation of Ref. [3] , we study the tubes (n, 0), with n ranging from 6 to 9. As illustrated in Fig. 1(a) , tube (n, 0) corresponds to wrapping a section of a graphitic sheet in the indicated orientation with n hexagons around the tube circumference.
The diameter of these tubes ranges from 4.78 A for (6,0) to 7.20 A for (9,0). The LDA electronic structure calculations were performed using a plane-wave basis set. %e generated first a semilocal pseudopotential following the scheme of Troullier and Martins [7] and made it fully nonlocal according to the Kleinman and Bylander procedure [8] . The energy cutoff' for the electronic wave functions was set at E,"& =49 Ry, leading to a 0.05 eV convergence of the band energies.
The very large number of plane waves needed for this type of calculation [ranging from 13500 for (6, 0) to 19000 for (9,0)] required the use of an efficien iterative diagonalization scheme [9] . The LDA calculations were carried out in a superce11 geometry with a hexagonal array of tubes, with the closest distance between atoms on different tubes being 5.5 A. This permitted the neglect of tube-tube interactions. For the TB calculations, we used the first and second nearest neighbor parameters proposed in Ref. [10] for graphite.
Along the axes of the tubes, the length of the unit cell was set by assuming that the tube was generated simply by rolling a graphite sheet segment [2] . Using the Hellmann-Feynman theorem, we found that the stresses imposed on each supercell were negligible in the axis direction. The most important structural change was the tendency of the tube to reduce its radius from that given by the above rolling. This effect was nonetheless small, ranging from 1.6% reduction for (6,0) to nearly zero for (9,0). We found similar results within a tight-binding total energy minimization scheme [11] . The eff'ect of this relaxation on the electronic band structure was negligible.
We also relaxed the internal coordinates of the atoms us- (7, 0) and by 0.6 eV for (8, 0) . For the tube (9,0), the state (a) lies just above the TB lowest unoccupied molecular orbital state and therefore does not fall within the gap.
The discrepancy between TB and LDA calculations decreases as the radius of the tube increases. This is consistent with the notion that, in large tubes with small curvatures, one obtains a good description of the nanotube band structure by "folding" the graphite sheet band structure. However, this idea implicitly relies on the assumption that states around the gap or Fermi level are essentially x or n derived [3, 4] . This is not true for small tubes where the curvature is so strong that large hybridization effects occur. We show in Fig. 3 To study the effects of hybridization on the state (a) of tube (6,0), we begin with a planar sheet of graphite with the unit cell described in Fig. 1(a) . Because state (a) is singly degenerate, in the "band-foMing" language, it must be derived from the I -M line of the graphite sheet Brillouin zone (BZ), and must occur in all (n, 0) tubes.
As a result of the boundary conditions of the tube, M is folded onto r'. We plot in Fig. 4(a) the corresponding TB bands along the I -X direction of the tube (see Ref. [2] ). tween R =~o f planar graphite [ Fig. 4(a) ] and R =2.39
A of tube (6, 0) [ Fig. 4(d (7, 0) , (8, 0) , and (9,0), yielding similar results.
Some workers [13, 14) 
